Abstract. The climate characteristics of the Hanjiang River Basin, which is located in the climatic transition region between North and South China, is not only concerned with the characteristics of north and south regions of China, but also exhibits its own unique pattern. In addition, the Hanjiang River Basin is very important to flood control and water supply of China. Therefore, it is of great significance to optimally allocate water resources and ensure the implement of the South-to-North Water Diversion Project by analyzing the response of water resources system to climate change in the Hanjiang River Basin. In this paper, the change of water resources in the Hanjiang River Basin is predicted by coupling general circulation models (GCMs) and distributed hydrological model at first. Finally, the vulnerability of water resources system in the Hanjiang Basin to climate change is analyzed from average water resources per capita and water resources carrying capacity by combinated with the prediction results of socio-economic development, population growth and water demand in the Hanjiang River Basin. The results show that the adaptability of water resources system in the Hanjiang River Basin is remarkable and the threshold of deterioration of water resources is not found based on climate change condition and the inter-basin water diversion project.
Introduction
The carbon dioxide concentration was increasing from 280ppm to 400ppm since the industrial revolution to 2014 nearly the speed of 2.0ppm/a and all kinds of signs have shown that it will continue to grow in the future. In addition, some other greenhouse gases are also increasing slowly. The evolution of natural environment not only caused tremendous change of atmospheric composition and radiation force, but also damaged the energy balance of climate system. Climate change will alter the situation of global water circulation, i.e., cause spatio-temporal reallocation of water resources and influence precipitation, evaporation, runoff, soil moisture directly or indirectly. Rivers and lakes, as important barriers of global water cycle, are to bear the brunt of the impact of climate change. So it is of great significance to maintain healthy ecosystem, guarantee the utilization of water resources and ensure the sustainable development of social economy in river basins by exploring the impact of climate change at basin scale [1] .
Hanjiang River is the largest tributary of Yangtze River. It originates in the south of Qinling Mountains, passes through the provinces of Shannxi and Hubei and merges into Yangtze River at Wuhan City. The river length is 1,570 km and its drainage area is 159,000 km 2 . The upper Hanjiang River basin, which is located in the Autumn Rainfall Region, is not only concerned with the characteristics of north and south regions of China, but also exhibits its own unique pattern. In addition, the Hanjiang River Basin is very important to flood control and water supply of China. Danjiangkou Reservoir is the water source of Middle Route of the South-to-North Water Diversion Project (SNWDP), and the Jianghan Plain is an important commercial grain base in China. Since the beginning of this century, the aridity of the Hanjiang Basin has brought great impact on all aspects of ecological environment, water resources allocation and water supply in the basin. In this paper, the changes of water resources in the Hanjiang River Basin is predicted by coupling the general circulation models (GCMs) and distributed hydrological models under SERS A2 scenarios. Then the vulnerability of water resources system in the Hanjiang River Basin to climate change is analyzed from average water resources per capita and water resources carrying capacity by combinating with the prediction results of socio-economic development, population growth and water demand in the Hanjiang River Basin.
Prediction of the Water Resources in the Hanjiang Basin
At present, general circulation models (GCMs) are one of the most important and effective tools for studying the impact of climate change. However, due to limited computational conditions, GCMs are limited in representation of regional atmospheric processes, topography and land-sea distribution compared to hydrological models. Therefore the direct use of GCMs output at regional scale is very difficult [2] . In order to make up for the lack of GCMs in prediction of regional climate, several downscaling methods have been developed by hydrometeorologists to convert the large scale information output of GCMs into meteorological variables at local scale. The downscaling methods which have been applied for downscaling GCMs could be broadly classified into two categories: dynamical downscaling method and statistical downscaling method. Compared to dynamical downscaling method, statistical downscaling method possess several advantages, such as comparatively cheap and more computationally efficient, capable of estimating point-scale climatic variables from GCMs outputs and easily transferable to other regions, etc. Due to its low expenditure on usage and the equivalent power as its dynamic competitor, the statistical downscaling method has been widely employed in climate change impact assessments [3] [4] . The Variable Infiltration Capacity (VIC) distributed hydrological model is a macro-scale hydrological model based on soil-vegetation-atmosphere transfer scheme, which is designed to describe the land surface in numerical weather prediction and climate, describe the variation and transfer of water and energy. It has widely been used for climate change impact study by many authors. Thus, the VIC was chosen in this study to run the simulation of runoff.
Guo et al. [5] predicted the changes of precipitation and runoff in the Hanjiang Basin by coupling the GCMs (CGCM2 and HadCM3) and the distributed VIC model through statistical downscaling method based on Smooth Support Vector Machine (SSVM), under SERS A2 future emission scenario. The predicted results of average runoff in the Hanjiang River Basin during 2030s (2030-2040) were listed in Table 1 . Table 2 . Table 2 shows that the water demand in the upper Hanjiang River Basin during 2030s under 75% guarantee rate is about 5.745 billion m 3 /a. 
Water demand in the middle and lower Regions
The middle and lower Regions of the Hanjiang River Basin is one of important industrial and agricultural areas in the middle reaches of Yangtze River Basin. In this section, the water demand in this region will be predicted from four aspects, i.e., irrigation water demand, industrial water demand, urban and rural domestic water demand and livestock and other water demand. The major results are excerpted from the water resources planning of middle and lower reaches of Hanjiang River in Hubei province and urban water resources planning.
Irrigation water demand
The main crops in the irrigation area of middle and lower regions of Hanjiang River Basin include ice, wheat, cotton, rape, vegetables and miscellaneous cereals. In this paper, the irrigation quota, plant area and irrigation water demand of the crops mentioned above are counted. The irrigation water demand in different level years in the middle and lower regions of Hanjiang River Basin are predicted by statistics of planting structure, irrigation quota and according to the direction of adjustment of agricultural structure. It is indicated that the irrigation water demand in the region are about 8.146 billion m 3 /a and 7.488 billion m 3 /a during current condition and 2030s, respectively. Industrial water demand According to statistical yearbook of Hubei Province and in the light of national average level and advanced level, the industry water quota of general industry, power industry and mineral industry, industrial water demand in the middle and lower regions of Hanjiang River Basin and in different level years are predicted respectively. It is indicated that industrial water demand in the region are about 3.385 billion m 3 /a and 7.651 billion m 3 /a during current condition and 2030s, respectively. Urban and rural domestic water demand The urban domestic water demand includes household water demand and public water demand (such as commercial, tourism, organs, schools, gardens, greening, construction, transportation and other departments water demand). In this paper, the urban and rural domestic water demand is predicted by using quota method. According to survey results, the urban domestic water demand is about 0.626 billion m 3 /a by the domestic water quota of 100~310 liters for each person per day, the rural domestic water demand is about 0.244 billion m 3 /a by the domestic water quota of 80~130 liters for each person per day, during current years. With the improvement of people's life quality, domestic water demand will be gradually increased and eventually reaches a steady state. Therefore, according to the urban and rural area development planning, the urban domestic water demand is about 1.591 billion m 3 /a by the domestic water quota of 200~500 liters for each person per day, the rural domestic water demand is about 0.406 billion m 3 /a by the domestic water quota of 150~200 liters for each person per day, during 2030s. Livestock and other water demand Livestock water demand is predicted also by using the quota method. According to the survey results, the livestock water quotas are about 50 liters for each livestock per day and 30 liters for each livestock per day, respectively for small and big livestock. The livestock water demand are about 0.082 billion m 3 /a and 0.094 billion m 3 /a during current years and 2030s, respectively. Other water demand mainly refers to city ecological environment water demand, city water plant's water consumption and measured by the local present situation and planning condition. Therefore, the predicted results of livestock and other water demand are about 0.513 billion m 3 /a during 2030s. On the basis of the above four aspects of water demand prediction, the total water demand in the middle and lower regions of Hanjiang River Basin is about 17.743 billion m 3 /a during 2030s (See Table 3 ). 
Vulnerability of Water Resources System to Climate Change Per Capita Volume of Water Resources in the Future
The per capita volume of water resources reflects the sustainable level of water resources utilization. World Meteorological Organization (WMO), United Nations Educational, Scientific and Cultural Organization (UNESCO) and other agencies considered that the scarcity degree of water resources in a country or a region can be measured according to the fresh water resources per capita. In accordance with per capita volume of water resources, the degree of scarcity of water resources can be divided into three grades: rich water line (the per capita fresh water resources is 1700m 3 ), basic demand line (the per capita fresh water resources is 1000m 3 ) and absolute water deficiency line (the per capita fresh water resources is 500m 3 ). Considering that the amount of fresh water resources calculation is relatively complicated, while there is a certain percentage of its relationship with runoff, the scarcity degree of water resources, therefore, can be simply measured by annual runoff per capita (See Table 4 ).
According to future social and economic development planning and the regional goal of population control in the Hanjiang River Basin, the population growth in the basin is predicted by the results shown in Table 5 . Table 4 . The evaluation index of regional scarcity degree of water resources.
Description
Annual runoff per capita (m 3 )
Serious water deficiency <500
Severe water deficiency 500~1000
Mild water deficiency 1000~1700
No water deficiency >1700 Under SERS A2 scenario, the water resources vulnerability indicators in the Hanjiang River Basin can be obtained by calculating of the average water resources per capita and the appropriate scarcity degree of water resources. The results are shown in Table 6 . In the current condition, the upper region is not in water deficiency, the middle and lower regions are in severe water deficiency, and the whole basin is in mild water deficiency. However, under future climate change condition, the scarcity degree of water resources in each region of Hanjiang River Basin is not changed, but the average water resources per capita will decrease in the future. 
Water Resources Carrying Capacity in the Future
Considering the annual runoff per capita is not fully reflected by the impact of socioeconomic status, industrial structure layout, the water conservancy facilities, and many other factors in the Hanjiang River Basin, so the water resources carrying capacity is introduced here to measure the bearing capacity of water resources in the basin under future social and economic and technical conditions [7] . Description of the supply and demand balance of water resources carrying capacity index is defined as follows:
Where SDBI is supply and demand balance index in the basin, WS is water supply in the basin, and WD is water demand in the basin. As for Eq. 1, when water supply is less than water demand for the development of the basin's social and economic system, the supply and demand balance index (SDBI) in the basin is less than 0 indicating that the available water supply in the basin is not able to support the socio-economic system of the basin, in other words, the scale of the population and economic in the basin corresponding to the water resources are not matchable. Conversely, when the water supply is equal or greater than the water demand for the development of the basin's social and economic system, indicating that the available water supply with the corresponding ability to support the social and economic systems in the basin, or, the scale of the population and economic in the basin corresponding to the water resources can be matched, then the basin's water supply and demand is in good condition.
The SDBI of the Hanjiang River Basin is calculated by the predicted results of the basin's water supply and demand and shown in Table 7 . It could be seen that the SDBI of the Hanjiang River Basin is greater than 0 during 2030sindicating that the water resources carrying capacity in the future is able to meet the need of the social and economic development of the Hanjiang River Basin under A2 scenario. Water resources are important part of the natural resources system, and are also essential foundation of sustainable development of human society and economy system. The ability of water resources system to adapt and adjust to climate change exists within a certain range. However, when the magnitude of climate change is too great or the short-term stress interference is out of range it is difficult to maintain the ability to self-regulate and self-repair water resources system through optimal allocation of foreseeable technical and socio-economic development in the foreseeable period, making the quantity and quality of water resources destroyed, threatening the virtuous circulation of ecological system, socio-economic sustainable development and human survival. This critical limit mentioned above is known as the threshold of water resources [8] .
The natural properties of water resources, which is to ensure the ecological system such as soil, forests and grassland and so on, is the carrier of a variety of species and other ecological resources. However, the ability of water resources system to adapt and adjust is affected by the natural geographical factors. Therefore, the stronger the ability of water resources system to adapt and adjust is, the more stable the system is, the stronger the ability to resist external interference is, the higher is the threshold of water resources.
Social properties of water resources are the basis of agriculture, industry and other socio-economic factors and the source of human survival. Whereas the allocation of water resources system is restricted by socio-economic conditions, such as economic structure, economics size, population and so on. Optimized allocation of water resources, which optimizes and adjusts the allocation of water resources between different departments, can improve the system stability, strengthen the resistance to outside interference, and improve the threshold of water resources.
Under SERS A2 scenario, according to comprehensive analysis of the change of annual average water resources, the change of average per capita water resources and the change of water resources carrying capacity in the Hanjiang River Basin during 2030s, the results of vulnerability of water resources system to climate change in the basin are listed in Table 8 . It is shown that the ability to regulate the water resources system of Hanjiang River Basin is strong, and it is not found the threshold of deteriorating the system by considering of the future climate change condition and the inter-basin water diversion project. Note: The predicted results of precipitation and temperature by SSVM downscaling method and the predicted results of runoff by coupling the GCMs (CGCM2 and HadCM3) and the distributed VIC model through the statistical downscaling method. The results of precipitation and runoff are took the average prediction results under the both GCMs (CGCM2 and HadCM3), respectively, but the result of temperature is only under CGCM2.
Conclusion
In this paper, the vulnerability of water resources system in the Hanjiang River Basin to climate change is analyzed by combinating with the prediction results of socio-economic development, population growth and water demand in the Hanjiang River Basin. The results show that the adaptability of water resources system in the Hanjiang River Basin is strong and the threshold of deterioration of water resources is not appeared based on climate change condition and the inter-basin water diversion project.
